The avermectins are a complex of chemically related agents which exhibit extraordinarily potent anthelmintic activity. They are produced by a novel species of actinomycete, NRRL 8165, which we have named Streptomyces avermitilis. The morphological and cultural characteristics which differentiate the producing organism from other species are described. The avermectins have been identified as a series of macrocyclic lactone derivatives which, in contrast to the macrolide or polyene antibiotics, lack significant antibacterial or antifungal activity. The avermectin complex is fully active against the gastrointestinal nematode Nematospiroides dubius when fed to infected mice for 6 days at 0.0002% of the diet. Fermentation development, including medium modification and strain selection, resulted in increasing the broth yields from 9 to 500 ,ug/ml.
Of the several thousand microbial fermentation products which have been described, only a few have been reported to have anthelmintic activity. Of those which do, many belong to the aminoglycoside family of antibiotics. Hygromycin B (6, 10) and antibiotic G-418 (11) are active against both nematodes and cestodes. The destomycins (12, 16) are active only against nematodes, whereas paromomycin (22) and antibiotic complex S15-1 (1) are cestocidal. Antibiotics of other structural classes which are active against nematodes include the netropsin relative anthelvencin (15) and two cytosine-containing antibiotics, aspiculamycin (9) and anthelmycin (8) . Three other fermentation products, myxin (7), the thaimycins (3), and the axenomycins (4), are cestocidal.
We have found a group of anthelmintic agents unrelated to any of the above compounds. They are produced by an and identified as a family of closely related compounds whose structures are shown in Fig. 1 .
The complex, which has been named avermectin, is highly active against a variety of nematodes. The complex is fully active against N. dubius when fed to infected mice for 6 days at 0.0002% of the diet. The individual components, although differing in their potencies, are active against other nematode species when administered orally or parenterally at 0.1 mg/kg or less; e.g., avermectin Bia is greater than 95% effective against gastrointestinal nematodes and lungworms of cattle at a single oral dose of 0.1 mg/ kg or against hookworms of dogs at 0.005 mg/kg (5) .
In this paper, we describe the characteristics of the producing culture Streptomyces avermitilis MA-4680 (NRRL 8165) and the production of avermectin by fermentation. Subsequent papers will describe the isolation and chromatographic properties (13) and the anthelmintic activity (5 
MATERIALS AND METHODS
Taxonomic studies. The morphological and cultural characteristics of the microorganism which produces avermectin were determined by use of the media and methods described by Shirling and Gottlieb (17 ml of medium, were inoculated with 2 ml of the seed culture.
Reducing sugar was determined with a Technicon Autoanalyzer by a modification of the ferricyanide method of Park and Johnson (14) . Growth was estimated by measuring the packed mycelial volume from 10 ml of broth centrifuged in a 15-ml graduated centrifuge tube.
Mouse assay. Anthelmintic assays were performed in mice infected with N. dubius. Male Charles River CD-1 white mice (15 to 20 g) were infected by gavage with larvae of N. dubius. After inoculation, they were fed for 6 days with milled Purina Lab Chow in which the test material had been mixed. The mice were returned to the normal diet and, at 14 days postinfection, examined for the production of eggs and the presence or absence of worms. The results of the assay were scored subjectively as fully active (no eggs, no worms), moderately active, slightly active, and inactive.
TLC assay. For the thin-layer chromatography (TLC) densitometric assay, mycelia from 10 ml of broth were removed by centrifugation. The mycelial cake was mixed with 10 ml of acetone-1 NHCI (100:1, vol/vol) and shaken for about 2 min. A 5-ml amount of CHCl3 was added, and the mixture was again shaken. The mixture was centrifuged, and the upper (mycelial) layer was discarded. The lower phase (-8 ml) was removed and evaporated to dryness under vacuum. The residue was taken up in 0.1 ml of CHC13.
A 2-pl sample was applied to the origin of a silica gel 60-F254 plate (E. M. Laboratories, Inc.). The plate was developed for 30 to 40 min with chloroform-ethyl acetate-methanol-methylene chloride (9:9:1:2). The avermectins can be detected under short-wave ultraviolet light or by spraying with 1% ceric sulfate in 10% sulfuric acid followed by heating at 100°C for about 10 min.
For a quantitative assay, the plate was scanned at 245 nm with a double-beam densitometer (Schoeffel Instrument Corp.). The peak heights were compared with those of a standard extract which had been calibrated by high-pressure liquid chromatography (HPLC) assay (13) . A scan of this standard is shown in Fig. 2 (Fig. 3A) . Spores were in chains of more than 15 and were usually spherical to oval. The spore surface was smooth as revealed by electron microscopy (Fig. 3B) . Sporulation occurred on oatmeal agar, glycerol-asparagine agar, inorganic salts-starch agar, and egg albumin agar. The culture grew well at 28 and 37°C but not at 50°C. These characteristics, plus those summarized in Tables 1 and 2 , were compared with those of known species in the classical references (2, (18) (19) (20) (21) (22) . No Streptomyces species is described as having the brownish-gray spore mass color, smooth spore surface, spiral sporophore structure, production of melanoid pigments, and cultural and carbon utilization patterns that together comprise the distinctive species S. avermitilis.
Assays. In early studies, avermectin was determined by its anthelmintic activity since it lacked detectable antimicrobial activity. The anthelmintic activity was associated with the mycelia and absent from the filtrate. Chromatographic assays were developed once the identity of the anthelmnintic product was known. The TLC assay was used for much of the work presented here. It offered the advantages of sensitivity and rapidity. The four major components were resolved adequately although there was some interference by extraneous ultraviolet-absorbing materials (peaks C and D in Fig. 2 ). Peak C is an artifact derived from the medium, and peak D is a fermnentation product unrelated to the avermectins.
The HPLC assay (13) is more precise and capable of resolving all of the anthelmintic components. At times it was used to confirm the results of the TLC assays. In one experiment, a comparison of the anthelmintic assay with the HPLC assay gave the following correlation of total avermectin complex to anthelmintic activity: full activity, 54 pg/25 g of feed; moderate activity, 34 ,ug/25 g of feed; slight activity, 26 ,tg/ 25 g of feed.
Fermentation. Numerous complex media were screened for their ability to support the production of avermectin. Two media which gave high yields are described in Table 3 . Whole broth from S. avermitilis MA-4680 grown on medium A was fully active in the mouse assay at 6 ml/25 g of feed and slightly to moderately active at 3 ml/25 g of feed, indicating a yield of about 9 ,ug/ml. The effects of various additions to medium A were determined by the anthelmintic assay. Of 12 vitamins tested at 2.5 ig/ml, only biotin stimulated the production of avermectin. The vitamins without effect were folic acid, thiamine hydrochloride, riboflavin, pyridoxine hydrochloride, niacin, inositol, p-aminobenzoic acid, ascorbic acid, calcium pantothemate, alpha-tocopherol, and lipoic acid. Vitamin K5 at 10 or 50 Ag/ml was also without effect. Eighteen amino acids were tested at 0.5 and 2.5 mg/ml. Of these, only DL-tryptophan (0.5 mg/ml) and possibly DL-methionine (2.5 mg/ml) stimulated production. The amino acids without effect were glycine, L-cystine, L-cysteine hydro-chloride, L-and DL-aspartic acid, L-asparagine H20, (17) . ' Peptone-iron-yeast extract agar (17) . d Nutrient starch agar (23) .
'Nutrient gelatin agar; gelatin stab (23) .
f Skim milk agar (23) . ' Litmus milk; skim milk (23 The levels of each of the three components (Cerelose, peptonized milk nutrient, and Ardamine pH) were varied in a three-factor medium optimization study. Two successive studies, each followed by computer analysis of the data, led to the fmal optimum composition of medium B given in Table 3 . Figure 4 compares the time course of the avermectin fermentation on medium B by S. avermitilis MA-4680 and a high-producing isolate, MA-4848 (ATCC 31271). Typical tropophase-idiophase kinetics were exhibited. Both cultures began producing avermnectin sometime between 2 and 3 days when growth had ceased. The production by MA-4680 proceeded at a slower rate and was essentially complete by 5 days when the concentration reached 120 ,g/ml. The production by MA-4848 proceeded much more rapidly and at a nearly linear rate until the concentration reached 500 ,ig/ml at 6 days. Figure 5 compares the production of the four major components of the avermectin complex by S. avermitilis MA-4680 (Fig. 5A ) and MA-4848 (Fig. 5B) as determined by HPLC assay. Although there was some variability in the relative proportions of the four components, Al was usually produced in the least amount (about 10 to 15% of the total), whereas A2 and B1 were produced in larger amounts (each about 30 to 40% of the total).
From the structures (Fig. 1) , one could infer a precursor-product relationship among the various components. For example, the A components could be produced by methylation of the B components, and Al and B, could be produced by dehydration of A2 and B2. However, the data shown in Fig. 5 do not indicate any such relationship. All four of the major components appeared to be produced concomitantly although at different rates.
